A nucleotide sequence of the whole genome of Bacillus subtilis phage SP10 was determined. It was composed of 143,986 bp with 236 putative open reading frames (ORFs). Sixty-five of 236 predicted ORFs showed high similarity to that of SPO1, and the genome organizations of the two phages were similar to each other. SP10 belongs to the Myoviridae family, for which the well-studied phage SPO1 is the representative phage. Hence, we compared SP10 to SPO1. The SP10 genome DNA showed different sensitivity to restriction enzymes than SPO1, due to differences in base modification. According to transcriptional analysis, the gene expression of regulatory network of SP10 was similar to SPO1. It was observed that RNA polymerase containing sigma-A was inactive in directing the host genes but active in directing the phage genes. It appeared that the association of sigma-A with the core enzyme complex of RNA polymerase was strengthened during development.
Bacteriophages (here, simply phages) are group of viruses that specifically infect diverse species of bacteria. Phages invade and multiply in bacterial cells. This simple life cycle of phages is used in genetic biochemistry studies to investigate the mechanisms of basic molecular events in living organisms such as DNA replication, transcription, and translation. In the field of molecular biology, some phages are used as vectors in DNA cloning of exogenous DNA, and as tools in phagedisplay for protein presentation. Recently, some researchers have focused on the specificity of the ability of phages to lysis a bacterial cell, and have used phages as an anti-bacterial reagent in phage-therapy. 1) In this genome analysis era, the genome sequences of many living organisms have been determined, but information on phage genomes is limited, while some prophage genomes have been accumulated with the increasing number of bacterial genomes sequenced and with comprehensive analysis of microbial genomes by metagenomics. 2, 3) The large amount of proteins encoded in phage genomes shows no similarity with other proteins on databases to date, and is of unknown function. Accumulation of the genome sequences of phages is necessary to understand this uncultivated and potentially useful genetic information. 4) SP10 is a pseudolysogenic phage that infects Bacillus subtilis, a gram-positive sporulation soil bacterium 5) but is unable to multiply in the B. subtilis Marburg 168 strain. Permissiveness to infection by SP10 requires simultaneous inactivation of two unlinked genes, nonA and nonB, in B. subtilis Marburg 168.
6) The wild type nonB gene function is known to be identical to the restriction activity, BsuM, of B. subtilis Marburg 168. It has been reported that the nonB strain has a mutation in the ydiR gene, which encods the major component of BsuM. 7, 8) On the other hand, it was also found that the cured state of the intrinsic temperate phage SP of B. subtilis Marburg 168 corresponds to the nonA phenotype.
8) The SP region comprises approximately 135 kb and has been predicted to possess about 200 putative ORFs, but is without any known restriction gene. The genes responsible for the nonA phenotype have not yet been identified.
During the course of sequencing the SP10 genome in this research, it was found that the genome had significant similarity to that of SPO1 in gene organization. SPO1 is one of the most well-known and intensively studied virulent phages of B. subtilis. A nucleotide sequence of SPO1 genome was determined recently. 9) SPO1 has been well studied as a model phage in B. subtilis. The formation of a phage particle in the host cell after infection is completed by ordered regulation of gene expression through sequential activation of host-and phage-encoded sigma factors. SPO1 is a suitable subject of this mechanism, the so-called sigma cascade. 10, 11) SPO1 genome DNA contains a hypermodified base, hydroxymethyluracil, in place of thymine. 12) In addition to this, it has been reported that a further modified base, -glutamylthymine, replaces thymine at a rate of 15-20% in the SP10 genome. 13, 14) Several biological explanations of these unusual base substitutions have been proposed: discrimination of the y To whom correspondence should be addressed. Tel: +81-48-858-3760; Fax: +81-48-858-3384; E-mail: asai@molbiol.saitama-u.ac.jp Abbreviations: ORF, open reading frame; RBS, ribosome binding sequence phage genome from the host genome, alteration of gene expression, and so on. 15) In this study, we analyzed the SP10 genome, comparing it with the SPO1 genome as to its gene organization and regulation, and found that these showed certain resemblances and differences. A number of phages of other gram-positive bacteria, whose genomes have a significant level of similarity to SPO1, have been also sequenced (e.g., Staphylococcus phage K, G1, and Twort; Listeria phage P100; and Lactobacillus phage LP65), and analyzed. 16, 17) Investigation of SP10 genome together with these genomes and comparative analysis among them should provide an understanding of many interesting features that phages might possess.
Materials and Methods
Bacterial strains. The B. subtilis strains used in this study are listed in Table 1 . All the genotypes used were introduced into UOT1285, a derivative of B. subtilis Marburg 168, by transformation. An in-frame deletion mutant of restriction/modification (nonB) genes ydiO-ydiP and ydiR-ydiS-ydjA was created by the two-step allele-replacement method, 18) and a SP deletion from yodU to ypqP (nonA) was constructed by a method described previously. 19) The strain harboring both mutations was designated ASK3002. The details of the construction of ASK3002 are to be described elsewhere. The genomic DNA extracted from strain 168rpoCHis 20) was introduced into strain ASK3002 by transformation, and the resulting strain was designated ASK3100.
Growth, media, transformation, and general techniques. The bacterial strains were grown aerobically with shaking at appropriate temperatures. LB medium was used to grow the cells. Spizizen's salts medium 21) was used as the transformation medium for B. subtilis. Transformation of Escherichia coli and DNA manipulation were performed as described previously. 22) The following antibiotics were added to the media: for selection of B. subtilis transformants, chloramphenicol (5 mg/mL), spectinomycin (100 mg/mL), erythromycin (0.5 mg/mL), and neomycin (5 mg/mL); and for selection of E. coli transformants, ampicillin (50 mg/mL).
Phage propagation. Phage SP10 was routinely propagated on B. subtilis RM125 in LB medium. Concentrated phage preparations were obtained with 10% polyethylene glycol 6000 and by 0.5 M NaCl precipitation. The protocols followed were in accordance with those described previously.
7)
Capillary sequencing. Approximately 10 mg of purified DNA from SP10 phage was digested with restriction endonucleases, including NruI, HindIII, ApoI, and Sau3AI. These fragments were then ligated into plasmid pBluescript II SK+, which was cleaved with the same enzymes that digested the phage DNA, or with the enzymes that generate the complementary end. With them, E. coli strain JM109 was transformed, and individual plasmid clone inserts were sequenced using outside primers with ABI310 instruments.
Illumina sequencing and read assembly. The genomic DNA (3 mg) was fragmented to an average size of 200 bp on a Covaris S2 (Covaris, Woburn, MA). A sequencing library was generated from the fragments using a Multiplexing Sample Preparation Oligonuclotide Kit (Illumina, San Diego, CA), and was sequenced as paired-end 75 bp reads on a Genome Analyzer II (Illumina) following the manufacturer's protocols. Assembly was performed using Velvet 23) with the following parameters obtained using VelvetOptimizer.pl (http://bioinformatics. net.au/software.velvetoptimiser.shtml): hash value 61, exp cov 759, cov cutoff 70. The DDBJ Accession no. is AB605730.
Preparation of histidine-tagged RNA polymerase from phageinfected cells. ASK3100 was grown at 37 C to mid exponential phase and was infected with SP10 phages. The infected culture was harvested at the indicated times. Preparation of the histidine-tagged RNA polymerase was performed as described previously, 24) by the following procedures based on the manufacturer's instructions (Merck Japan, Tokyo, Japan) at 4 C: Collected cells were resuspended in buffer B (20 mM Tris-HCl pH 8.0, 5 mM imidazole, 5% v/v glycerol, 150 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride), and disrupted by sonication. The extracts were centrifuged for 3 min at 10;000 Â g (14,000 rpm). The supernatants were applied to 0.3 mL of His Bind Resin (Merck Japan, Tokyo, Japan) equilibrated with buffer B. The resin was washed with buffer E (20 mM Tris-HCl pH 8.0, 50 mM imidazole, 5% v/v glycerol, and 500 mM NaCl) and buffer F (20 mM Tris-HCl pH 8.0, 50 mM imidazol, 20% v/v glycerol, and 150 mM NaCl). The proteins bound to the resin were eluted with buffer G (20 mM Tris-HCl pH 8.0, 500 mM imidazole, 20% v/v glycerol, and 150 mM NaCl).
Visualization of proteins by silver staining and immunoblot analysis. Samples were boiled for 3 min and then loaded onto the polyacrylamide gels. The gels were stained with a silver-staining kit (Sekisui Medical, Tokyo, Japan). After electrophoresis, the proteins were electrotransferred from the polyacrylamide gels to polyvinylidene difluoride membranes (GE Healthcare Japan, Tokyo, Japan) using a wet-type blotter. Immunodetection was carried out using anti-B. subtilis sigma-A antibody and anti-B. subtilis RNA polymerase antibody 24) as primary antibodies. Detection was done using horseradish peroxide-labelled anti-rabbit IgG antibody (Bio-Rad Japan, Tokyo, Japan) as secondary antibody with an ECL plus detection kit (GE Healthcare Japan, Tokyo, Japan) following the manufacturer's instructions.
Quantitative RT-PCR. The B. subtilis cells were grown at 30 C or 37 C to an optical density at 600 nm of 0.50, and then infected with SP10 phages at a multiplicity of infection of 10. Aliquots of culture were removed at 1, 5, 10, 15, 30, and 60 min after phage infection, and the pellet was collected by centrifugation. Total RNA was isolated from the pellet with an RNeasy Mini Kit (Qiagen Japan, Tokyo, Japan). Residual DNA was removed with an RNase-Free DNase Set (Qiagen Japan, Tokyo, Japan). The content of RNA in each sample was calculated from the optical density at 260 nm. cDNA was synthesized from the RNA sample with a PrimeScript 1st strand cDNA Synthesis Kit (Takara Bio, Ohtsu, Japan). Quantitative real-time PCR was performed with OPTICON2 (Bio-Rad Japan, Tokyo, Japan) using a SYBR Premix Ex Taq (Takara Bio, Ohtsu, Japan) following the manufacturer's instructions. The DNA primers used are listed in Table 2 .
Results and Discussion
General features of the SP10 genome The genome of the SP10 phages was sequenced by two different technologies: capillary sequencing based on the Sanger method and so-called next-generation sequencing. The former is time-consuming but longread sequencing, while the latter is high-throughput but short-read sequencing. It is difficult to assemble contiguous fragments from the short-read sequences. Nevertheless, by next-generation (Illumina) sequencing analysis, one contiguous nucleotide sequence, 143,986 bp, was constructed from 8,928,734 reads. This number means that sequencing was performed repeatedly about 4,651 times on average per base. To determine the accuracy of assembly into this single contiguous sequence, the results obtained by next-generation sequencing was compared with the results obtained by capillary sequencing. Nucleotide sequences of about 1,000 reads (more than 98% of the total reads) from capillary sequencing, though these were not assembled into a single contiguous sequence, were matched to a contiguous sequence assembled by next-generation sequencing without fragmentation of the reads (data not shown). These confirmed the reliability of taking this single contiguous sequence as the whole genome sequence of SP10 phage. It was assumed that the phage genome is linear in a packed form and has terminally redundant ends permuting to circular form in DNA replication. 17) We analyzed the sequencing-rawread depth of each part of the SP10 genome ( Fig. 1) . Rawread depth represents the frequency of repetition of sequencing, and reflects the redundancy of the nucleotide sequence in the genome. If a redundant sequence is present, the rawread depth becomes higher. An apparently higher read depth observed in the region from nucleotide number 63,000 to 75,000 (about 12,000 b) revealed the existence of a terminal redundancy region. We assumed that a sharp decrease observed clearly around nucleotide number of 75,000 (Fig. 1) represented the end of the phage genome. We defined a nucleotide in this region as the initial base of the SP10 genome sequence, and rearranged the sequence as shown in Fig. 2 . The SP10 phage has a G-C content of 40.0%, similar to that of the host B. subtilis genome (43.5%). This content is similar in the case of other B. subtilis phages.
Prediction of the genes
The SP10 genome carries at least 236 putative ORFs, which were predicted by the GeneMarkS (http://opal. biology.gatech.edu/GeneMark/genemarks.cgi) and the MiGAP (https://migap.lifesciencedb.jp/mgap/jsp/index.jsp) program. They encoded peptides of more than 32 amino acids from a start codon, AUG (78.4%), UUG (18.2%), and GUG (8%) to a stop codon, UAA (51.7%), UGA (28.8%), and UAG (19.5%), and were preceded by a potential Shine-Dalgarno sequence located upstream of start codons at a distance of 8 to 10 nucleotides (Fig. 2) . Though some phages have their own tRNA gene on the genome, no tRNA genes were found by the tRNAscan-SE1.21 program (http://lowelab.ucsc.edu/tRNAscan-SE/) in the SP10 genome. The codon usage of the SP10 genome is similar to that of B. subtilis, indicating that translation of SP10 can be done by host-encoded tRNAs. Most ORFs have same transcriptional direction, with the exception of 21 ORFs, as illustrated in Fig. 2 .
The promoters recognized by the RNA polymerase holoenzyme containing sigma-A and the & independent terminators were predicted using the BPROM and the FindTerm program respectively (http://www.softberry.ru/ berry.phtml). They are shown in Fig. 2 . The consensus sequence that RpoD, the principal sigma factor of E. coli, recognizes was similar to that of B. subtilis, and was used in promoter prediction. Possible promoters in right direction (n ¼ 93) and in the left direction (n ¼ 12) were found. & independent terminators (n ¼ 63) were predicted, and major parts of these terminators were located in the spacer regions of the adjacent ORFs. This indicates a possibility that a complicated operonic structure and complicated transcriptional regulation are characteristic of SP10, as of SPO1.
The putative ORFs were translated and searched against the protein database using BLAST 25) algorithms. Homology search analysis revealed that about half of the deduced proteins in SP10 exhibited low-level or no amino acid identity with the proteins in the database Table; see Biosci. Biotechnol. Biochem. Web site). This is observed frequently in the case of other phage genomes. The characteristic proteins for the phage genome are classified into three categories, putative lysis module, structural module, and DNA replication and transcription module, and are visualized in color (blue, red, and green respectively), as shown in Fig. 2 . It appears that the structural protein genes and the DNA metabolism genes are, to some extent, clustered in the genome and are regulated together. A large number of predicted encoding peptides, up to 73 ORFs, of the SP10 genome have significant similarity with those of the SPO1 genome (Supplemental Table) whose sequence was recently determined. 9) This is represented in Fig. 3 , as processed by the GenomeMatcher program. 26) This indicates that the SP10 phage belongs to a family of SPO1-like viruses classified in Myoviridae.
16) Hence, we compared some characteristic features of SPO1 with those of SP10.
Protection of genomic DNA from restriction endonucleases SP10 phage cannot propagate in B. subtilis Marburg 168. One explanation is that the Marburg strain possesses an intrinsic restriction system, BsuM. BsuM is an isoschizomer of XhoI, whose recognition sequence is 5 0 -CTCGAG-3 0 . 8) In fact, the SP10 genome has 36 XhoI cut sites, clearly indicating susceptibility of the SP10 genome to BsuM activity (Fig. 4) . Other B. subtilis phages that can multiply in the Marburg strain have few or no XhoI cut sites. For example, SPO1 genome has no XhoI cut sites.
In SPO1 and SP10 phage-infected cells, dTMP are not produced and conversion of dUMP to 5-hydroxymethyldeoxyuridylate (HMdUMP) occurs. Subsequently, phosphorylated HMdUMP, HMdUTP, is consumed as a substrate for DNA polymerase in place of dTTP. Thus in both the SPO1 and the SP10 genome, dTMP is completely replaced by HMdUMP during DNA synthesis of replication within the host. 12) This was confirmed by the fact that at least three enzymes responsible for this HMdUTP synthetic pathway encoded on the SP10 genome are encoded similarly on the SPO1 genome. These were ORF92 for dCMP deaminase, ORF188 for dUMP hydroxymethylase, and ORF172 for putative HMdUMP kinase.
14) Besides this, it is possible that HMdUMP in the SP10 genome is further modified into two components in a post-replicational manner. The major component (85%) is thymidine 5-monophosphate (dTMP) and the minor component (15%) is a hypermodified analog of dTMP (YdTMP) that is assumed to contain -glutamylthymine.
12) It was speculated that the enzymes involved in HMdUMP modification are encoded on the phage genome. We cannot speculate as to candidates for the genes involved in the formation of YdTMP by similarity search of the deduced proteins in SP10. These genes might be of unknown function that lied in the cluster of the genes related to DNA metabolism, as shown in Fig. 2 . Modification-defective mutants of SP10 phage have been isolated. 13) Determination of the nucleotide substitutions in these mutants should uncover the synthetic pathway of this unique modification.
It is also known that the SP10 genome cannot be digested with the HaeIII restriction enzyme, despite the fact that the genome possesses a recognition sequence for it (5 0 -GGCC-3 0 ). 27) Analysis of the phage genome revealed that there were 40 potential HaeIII cut sites. The SP10 genome was highly protected from HaeIII digestion, though the SPO1 genome, which possessed only four HaeIII cut sites, was completely digested into five fragments, as shown in Fig. 4 (white arrowheads). We assume that YdTMP occurring in sequence 5 0 -GGCCYThy-3 0 accounts for the HaeIII insensitivity of the SP10 genome.
27) The flanking sequences of the HaeIII sites in the SP10 genome that we determined in this study are shown in Table 3 . The predicted resistant sequence (5 0 -GGCCT-3 0 ) occurred in only seven out of 40 HaeIII sites in the SP10 genome, yet the majority of the sequences (39 of 40 sites) were 5 0 -TGGCC-3 0 . It is likely that the nucleotides of 5 0 -TGGCC-3 0 constitute the recognition sequence for hyper-modification of thymine, and are to be ascribed to the insensitivity of the SP10 genome to HaeIII. It has also been reported that Fnu4HI endonuclease poorly cleaves the SP10 genome, as shown in Fig. 4 , because of YdTMP-hypermodification. 27) Though the recognition sequence for Fnu4HI, containing thymine (5 0 -GC(T/A)GC-3 0 ), occurs frequently at significant levels as compared with 5 0 -GC(G/C)GC-3 0 , as shown in Table 3 , an explanation of the Fnu4HI-resistant feature of the SP10 genome is yet to be found. Nucleotide number (bases) Fig. 1 . Sequencing Rawread Depth of the SP10 Genome.
The horizontal axis represents the nucleotide numbers of the contig sequence as analyzed by the Illumina sequencer. The vertical axis represents frequencies of repetition in sequencing.
Structure protein
The morphogenetic gene cluster is present from 60 kb to 90 kb in the nucleotide sequence between ORF138 and ORF163 (Fig. 2) . The gene organization is highly conserved between SP10 and SPO1, suggesting that the two phages construct structurally identical particles in the same class (Fig. 3) . 17) Among these morphogenetic genes, the tail sheath, tail tube, and tape-measure protein, possibly encoded in the SP10 genome by ORF148, ORF149, and ORF152 respectively, are important for morphogenesis and are well conserved. Two genes, Gp10.2 and Gp11.1, which are present between the genes for the tail tube and tape-measure protein in the SPO1 genome, are translated into a single peptide by slippery frameshifting. The product of ORF150 of SP10 is similar to both Gp10.2 and Gp11.1, suggesting that ORF150 is translated in mature form without frameshifting, as observed for SPO1. Similarly, ORF191 of SP10 and Gp31 of SPO1 are phage-encoded DNA polymerases (Figs. 2 and 3) . The latter gene is divided Table 4 . into two exons with an intron coding a homing endonuclease, but the former is not. These differences are significant in discussing the evolution of the phages and the regulation of morphogenetic gene expression, while it is unclear whether frameshifting and splicing are essential for phage development.
Identity (%)
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DNA recombination and synthesis
The SP10 phage possesses an apparently lytic cycle, but was first classified as a pseudolysogeny, since it showed in part the character of a transducing phage. 28) Pseudolysogeny describes a phage-host interaction neither of a long-term, stable relationship such as the lysogenic state nor a temporal lytic response. In the SP10 genome, many genes are conserved in the genus Bacillus. The deduced protein encoded by the predicted gene, ORF195, had strong homology with RecA recombinase, which is not present in the SPO1 genome (Figs. 2 and 3) . A phage-encoded recombinant protein might facilitate an exchange of nucleic acids between phage and host.
By ribonucleotide reductases, ribonucleotides are converted to deoxyribonucleotides, essential precursors required for DNA synthesis. In B. subtilis, two essential components of a ribonucleotide reductase are encoded by the nrdE-nrdF operon. 29) An open reading frame (nrdI) coding for a protein of unknown function is located upstream of the nrdEF genes, and the nrdI and nrdEF genes constitute an operon. NrdI has been reported to have stimulatory effects with NrdEF in ribonucleotide reduction. 30) SPO1 also has a phageencoded ribonucleotide reductase, NrdAB, which shows limited identity with NrdEF but contains many of the catalytically important residues, while SP10 has NrdI, besides NrdEF (Figs. 2 and 3) . However, there is no evidence as to whether the phage-encoded nrdI gene is required for phage DNA synthesis. Study of the NrdI of SP10 should help in understanding this intriguing function in DNA synthesis of phages and bacteria.
Transcription analysis
Phage development is accomplished by a series of gene expression events. Control of this gene expression is performed in part by DNA-dependent RNA polymerase at the transcriptional level. The activity of RNA polymerase is affected mainly in two ways in order to change the specificity, making to transcribe different sets of genes. 31) One is modification of the RNA polymerase core enzyme, 32) and the other is the adding of accessory proteins to the core enzyme. The sigma factor is a key regulatory component that defines specificity for promoter recognition of RNA polymerase. 33) The genes expressed at the early stage, immediately after infection, are transcribed by RNA polymerase with the principal sigma factor of the host cell. The genes expressed at the middle and the late stages are transcribed sequentially by RNA polymerase, containing the phage-encoded sigma factors expressed at the preceding stages. 33) In SPO1, several phage-encoded sigma factors have been well studied. Gp28 directs the transcription of the middle genes, and Gp34 directs the transcription of the late genes. Gp2.21, which is homologous to sigma factor K, which is involved in the sporulation of B. subtilis, directs the transcription of some SPO1 genes. 9) This regulatory network of the sigma cascade appeared to be applicable to the case of SP10. SP10 has three sigma factor homologs in its genome, ORF183 as Gp28, ORF200 as Gp34, and ORF120 as Gp2.21. It was expected that these sigma factors are expressed sequentially during infection and direct subsequent gene expression. We analyzed the profile of gene expression including these sigma factors together with other genes, which were predicted to have some functions in phage development, by qRT-PCR method (Fig. 5) .
The results showed that the tested genes fell into three groups, early, middle, and late, by profile of gene expression, similarly in the case of genes of SPO1. The promoter for each gene was predicted by a motif search program (http://nbc3.biologie.uni-kl.de/), based on the consensus sequence proposed in the case of SPO1, as Lane 1, The lambda phage genome digested with EcoT14I was used as a DNA marker. The untreated SP10 and SPO1 genomes migrated (lanes 2 and 6 respectively). The SP10 genome was digested with XhoI, HaeIII, Fnu4HI (lanes 3-5). The SPO1 genome was digested with HaeIII and Fnu4HI (lanes 7, 8) . The white arrowheads indicate the migrating positions of the HaeIII-restricted fragments of the SPO1 genome. shown Fig. 2 and Table 4 . Transcription of the early genes was induced within 5 min of exposure the host to phages, reaching a plateau afterward and falling slightly after 30 min. Transcription of ORF183 as Gp28 and the gene coding for a superinfection exclusion protein were included in this category. Superinfection exclusion is a rapidly established phenomenon, whereby a cell infected with a virus is resistant to superinfection by the same virus. 34) The middle genes were induced more than 10 fold from 5 to 10 min after infection and continued to be expressed throughout development. The middle genes included mainly the genes for DNA metabolism and DNA replication (ORF176 for ribonucleotide reductase, ORF92 for dCMP deaminase, and ORF191 for DNA polymerase). The sigma factors, both ORF200 as Gp34 and ORF120 as Gp2.21, were also expressed at this stage. The gene for putative metal-dependent hydrolase, which is widely conserved among bacteria, was expressed at the middle stage, although its substrate was not predicted. The late genes were induced 30 min after infection. This includes the genes related to the phage structure proteins, such as a major capsid protein (ORF141), a tail-sheath protein (ORF148), and a baseplate protein (ORF156). ORF77, a homolog of the XkdV protein of PBSX, a B. subtilis lysogen, was also expressed at the late stage, suggesting the possibility of a conserved function among phages.
Detection of the components and the transcriptional activity of RNA polymerase containing sigma-A Based on the observations described above, the properties of RNA polymerase should be altered at the early, middle, and late stages through phage development. In order to analyze the transition profile of RNA polymerase during infection, we isolated the RNA polymerase holo enzyme using a histidine-tagged 0 subunit by a method described elsewhere.
24) The individual proteins were visualized by silver staining and immunoblot using antibody raised against the RNA polymerase core enzyme of B. subtilis and the principal sigma factor, sigma-A, of B. subtilis (Fig. 6A and B respectively). The silver staining indicated that almost equal amounts of proteins were applied in the various lanes. Since expression of the host-encoded genes whose transcription fully depend on sigma-A was arrested and sigma-A-directed expression of the early genes of phage, which was induced at first, diminished as the stage proceeded (Fig. 6C) , it was expected that sigma-A would be gradually released from the RNA polymerase and replaced with other sigma factors encoded on the phage genome. On the contrary, it was observed that a significant level of sigma-A was co-purified with RNA polymerase prepared from phage-infected cells even at the late stage, as if the association of sigma-A with the core enzyme complex of RNA polymerase was strengthened during phage infection, whereas the RNA polymerase complex prepared from phage-free cells was associated with low amounts of sigma-A, if any. These findings suggest that the stability of RNA polymerase containing sigma-A was affected by protein modification or an additive protein factor, and was tuned to the phage's transcriptional machinery. Further studies are necessary for a solution. Time after infection (min) 
Conclusion
We sequenced and analyzed the whole genomic DNA of a B. subtilis phage, SP10. Some common and unique characters were observed. What we have been able to approach precisely by similarity search to date is neither the biological function nor the enzyme activity of the phage-encoded proteins, since a large part of a phage genome comprises genes of unknown function, which were conserved only in phages or horizontally transferred from a bacterial genome. Comparative analysis of phage genomes should solve this problem, which is frequently encountered in phage analysis. As indicated here, the SP10 genome has significant homology with those of SPO1 in many respects. Nevertheless, it is intriguing that SP10 cannot be propagated in the B. subtilis Marburg strain harboring the NonA function, 6) whereas this strain can be infected with SPO1. Further analysis of the genetic interaction between B. subtilis and the SP10 phage should reveal the novel phage elimination system that a host bacterium possesses. A, Silver staining. B, Western blotting using anti-RNA polymerase core antibody (above) and anti-sigma-A antibody (below). C, Expression analysis of sigma-A and sigma-A regulons by qRT-PCR. Each measurement is an average for two independent experiments. Fold change was calculated as relative to the sample harvested at 1 min after infection. Representations of patterns of the bars are indicated in the inset (gyrB, sigA, veg, orf007, orf057, and orf183 from top to bottom).
